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Nuclear Astrophysics

What is the Universe made of?

Challenges of Nuclear Astrophysics
Where do elements come from? Experimental methods

How do nuclear reactions take place?
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Stellar evolution
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How nucleosynthesys begins (long story short...)

Time after Big Bang  Temperature [K] Key Events
0- 10_43 S oo - 1032 Big Bang — Planck epoch. Physics can not yet describe this time.
10%s 10”7 Gravitational force separates from the strong-electro-weak force.
The strong force separates from the electro-weak force.
-35 27 . . 25
10 s 10 Inflation occurs? Universe expands by factor of 10 .
Quarks, leptons and gluons were present.
. . Electroweak symmetry breaking (four fundamental forces now distinct).
10 s 10 Leptogenesys and baryogenesis.
Gravity starts to control expansion.
Quarks and anti quarks form protons, neutrons and antiparticles.
10° < 10" Protons and antiprotons, neutrons and antineutrons annihilate each other leaving
slight excess of protons and neutrons plus lots of photons.
The temperature is still too high to allow nucleosynthesis.
10 n/p ratio freezes-in (~ 0.21
0.1-1s 10 /p ( )

Temperature is now sufficiently low to allow nucleosynthesis.
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Big Bang Nucleosynthesys (BBN)

heavier nuclei are not anymore
photo-disintegrated as soon as 7Be
they are produced
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Composition of the early Universe

The Universe
3 minutes after the Big Bang

Hydrogen
75%

Others
combined
<<1%
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Helium

25%

Particles In Collisions 2023

There were no stars
nor planets yet



INFN

Composition of the present Universe
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The Sun
today

Hydrogen
73.20%

Helium
Y 25.07%

Others combined Oxygen
0.04% / 0.80%
S;I::;r Magnesium—" Silicon' 'Nitrogen Neon Iron
I 0.05% 0.07%  0.09% 0.12% 0.16%
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What causes the composition to change?

The Universe The Sun
3 minutes after the Big Bang today

Hydrogen
73.20%

Helium

. V' 25.07%
Others com bined Oxygen
Others 0.04% /\ 0.80%
comblﬂned S(l;lg:;r Magnesium—~"Silicon/ Nitrogen ~-Neon Iron
<<l% 04% 0.05% 0.07% 009%  0.12%  0.16%
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From a molecular cloud to a star...

pressure sl The outward push
gravity <u— of pressure . . .

... precisely

---------- balances the
inward pull of

gravity.
prestellar core collapse compressional heating new-born protos y
and and N . Pressure is greatest
formation of the 1st core infalling enveloj deep in thegSun

(protostellar cor where the overlying

weight is greatest.
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(Notable examples of H-burning mechanisms)

pp-v

pp chain
pep-v
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CNO cycle
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pp-Il

1

8Be* + p — 2%He

pp-Ili

99.96% 0.04%
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(more advanced H-burning cycles)

NO
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..going through cyclic burning processes...
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..to stellar explosions

Interstellar

BIRTH
gravitational
medium contraction
: . Stars

. & (

Nuclear Reactions
and

Properties of Nuclei

B -

DEATH
explosio
ejection
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SN-la (AGB+WD)

NS-NS merger | . » WD+WD merger




Crab Nebula,
SNR (11) 1054 in Zeta Tauri.

G299.2-02.9,
SNR (la) in the Milky Way.
CHANDRA

“Pillars of creation” in NGC 3324, Carina Nebula.
JWST

SN 1987A,

SNR (1) in

Big Magellan Cloud.
HST




Atomic number Z
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The evolving composition of the Universe

@ Big Bang fusion 2
@ Cosmic ray fission He

@ Exploding massive stars
' N

© Exploding white dwarfs
® Merging neutron stars
Dying low-mass stars
@ Very radioactive isotopes; nothing left from stars
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Jennifer A. Johnson, Populating the periodic table: Nucleosynthesis of the elements.Science363, 474-478(2019).D0I:10.1126/science.aau9540
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https://doi.org/10.1126/science.aau9540

How do nuclear reactions take place?

The energy of nuclei in a plasma follows a

Maxwell-Boltzmann distribution

the cross section falls faster than exponentially

as the energy decreases

Consider a reaction

A+B—>C+D

The reaction rate (input of evolutionary models)

is given by

(r) = NaNg j #109) ol) e
0

Probabilily ——e—

The Gamow peak defines the relevant energy

range for this reaction to occur

INFN federico.ferraro@infn.it

Particles In Collisions 2023

Maxwell Gamow
Boltzmann Feak

| e:-:p(_ %)

Tunneling
thraugh
Coulomb

barrier

« exp@E@

kT |



INFN

Challenges of Nuclear Astrophysics

Below a certain energy, the experimental counting
rate is too low and the cosmic-ray induced
background prevents the direct measurement of
the cross section

experimental counting rate

beam flux 10%4 pps (100 pA 1* beam)
X

target nuclei areal density 101° atoms/cm? (often smaller)
X

Ccross section 10736 cm? (often smaller)
X

detection ef ficiency 10! (often smaller)

a few counts/day

federico.ferraro@infn.it Particles In Collisions 2023
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| got itiMyjprecious PhD!

We forgot the taste of bread, the sound
of trees, the softness of wind...
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Challenges of Nuclear Astrophysics

Below a certain energy, the experimental counting
rate is too low and the cosmic-ray induced
background prevents the direct measurement of
the cross section

Introducing the astrophysical S-factor S(E) and
factorizing the Coulomb interaction term apart:

CROSS SECTION 6'(E )
(log. scale)

o(E) = %e‘Z”"S(E)

('
-
E —
a
q .t
“ 3
it is possible to measure the cross section at high 2 g
. W
energy and extrapolate the astrophysical factor S(E) ——
in the interesting energy range (Gamow window)
federico.ferraro@infn.it Particles In Collisions 2023
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Challenges of Nuclear Astrophysics

Below a certain energy, the experimental counting
rate is too low and the cosmic-ray induced But...
background prevents the direct measurement of
the cross section
-
mtrod'u.cmg the astrop.hy5|cal .S-factor S(E) and unexpected low-energy resonances may be
factorizing the Coulomb interaction term apart: oresent in the extrapolation region!
o(E) = 1 e 2™S(E)
E a%

o

Wi ‘A

=Sl
it is possible to measure the cross section at high G_.l‘ 2 LOWEST ENERGY E,
energy and extrapolate the astrophysical factor S(E) = OF DIRECT MEASUREMENTS ~ COULOMB BARRIER E
in the interesting energy range (Gamow window) * *

ENERGY E
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Methods to takle these challenges

The cross section of a suitable two-body to three-body
reaction (A+x - c+B+y) is used to extract the cross section for
a relevant two-body reaction (A + a - c + B) at stellar energies.

* Indirect measurements
/
e THM

¢ ANC Based on the normalization of the tail of
. . . the quantum overlap of bound state wave
* Coulomb dissociation a g

\ functions of the initial and final nuclei

As Coulomb induced dissociation is an inverse to
the radiative capture process, one can relate the
measured Coulomb dissociation cross section

’ Underground DIrECt (which can be measured at high beam energies and
measu rements are larger in magnitude) to the relevant radiative

capture cross section

@R. (LUND
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Methods to takle these challenges

* Indirect measurements

e THM Model dependent,
Need normalization
* ANC

e Coulomb dissociation
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Methods to takle these challenges

* Underground Direct Model independent
Need no normalization
measurements



Nuclear Astrophysics Underground Laboratories

”a"&ng '

[LUNA 50

~ s — ! decommissioned (2003) e
| DIANA 5 | Labunder construction i 0.05 MV single-ended: H, He JUNA

; proposal (currently defunded) | § Desigh studies or Accaleraion i ——— : construction / commissioning
1 0.4 MV single-ended: H, He, C | SN ‘ LUNA 400 installation underground 2019
1 3.0 MV single-ended: H, He, C ! active (since 2001) 0.4 MV single-ended: H, He

) ' 0.4 MV single-ended: H, He - e

CASPAR | LUNA MV

active (since 2017) . .
1 MV single-ended: H, He Active since 2023
- 3.5 MV single-ended: H, He, C
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Laboratory for Underground
Nuclear Astrophysics

It has been the only underground accelerator for nuclear astrophysics for 25 years

Its results include solar physics (solar neutrinos)
cosmological model

big bang nucleosynthesis (BBN)
stellar nucleosynthesis
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http://server11.infn.it/video/multimedia/esperimento-luna-lngs-2016/Main_Page.html

The Gran Sasso National Laboratory (LNGS)

Primary Cosmic Rays

Min. overburden: 3400 mwe e
. Gran an asso
muon flux reduction: ~ 10° | Sasso ?:é'on?l
. y < *. Laboratory
neutron flux reduction: ~ 103 .

LUNA

GERDA
CRESST

Rome

Adriatic
coast
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Gamma background reduction
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Reduction of particle background

Neutrons

Charged particles

<
N

Surface
—— LNGS, Al counter
—— LNGS, Steel counter

S
w

—
1 OL
O3] T IIIIIII| I IIIIIII| I IIIII|T|_r

_. Counts per channe] [s] _
(DI (=]

o
D
IIIII| I IIIII|T| e H

—h
<
4

|

200 300

INFN federico.ferraro@infn.it

400

500

||||ilm

600 700
Channel

Counls/(h keV cm™)

|

|
g

— - Underground

— Underground+Pb ]

Overground

Overground+Pb -

900
Particles In Collisions 2023

| | |
1000

2000

| .
3000
Energy [keV]

1000

5000



LUNI

Laboratory for Underground
Nuclear Astrophysics

LUNA 400 kV
(2001-today)
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p’«" Windowless gas target:
SWs  3 differential pumping stages
TEIWA gas recirculation and purification system
Yo} W/ A8 -

i P

P/ - Solid Target
=A2 ) LN, cold trap
“ wobbling

o N

Electrostatic accelerator
Beams: p, 3He, *He
Beam energy: 20-400 keV

Beam current: up to 1 mA

- -

Energy spread: 0.1 keV
Stability: 5 eV/h
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One recent measurement: D(p,y)3He

It was the most uncertain nuclear
physics input to BBN calculations

nature

Explore content v About the journal ¥ Publish with us v

nature ? articles ? article

Article ‘ Published: 11 November 2020

The baryon density of the Universe from animproved
rate of deuterium burning

V. Mossa, K. Stéckel, F. Cavanna, F. Ferraro, M. Aliotta, F. Barile, D. Bemmerer, A. Best, A. Boeltzig, C.
Broggini, C. G. Bruno, A. Caciolli, T. Chillery, G. F. Ciani, P. Corvisiero, L. Csedreki, T. Davinson, R. Depalo, A.
Di Leva, Z. Elekes, E. M. Fiore, A. Formicola, Zs. Fllop, G. Gervino, A. Guglielmetti, C. Gustavino , G.
Gytirky, G. Imbriani, M. Junker, A. Kievsky, I. Kochanek, M. Lugaro, L. E. Marcucci, G. Mangano, P. Marigo, E.
Masha, R. Menegazzo, F. R. Pantaleo, V. Paticchio, R. Perrino, D. Piatti, O. Pisanti, P. Prati, L. Schiavulli, O.
Straniero, T. Sziics, M. P. Takacs, D. Trezzi, M. Viviani & S. Zavatarelli = -Show fewer authors

Nature 587, 210-213 (2020) ‘ Cite this article
4403 Accesses ‘ 168 Altmetric ‘ Metrics

Our measurement improved the reliability
in the use of primordial abundances as
probes of the physics of the early Universe
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2.5 - —e— LUNA data (this work)

—— Fit (this work)
—o— Tisma (2019)

------- Marcucci (2016)

2.0} - - Adelberger (2011)

—e— Casella (2002)
+—e— Schmid (1997)
—»— Ma (1997)

15} Griffiths (1963)
Griffiths (1962)

1.0 F LUNA 2002
(pp chain)

S factor (eV b)

0.5

LUNA 2020
(BBN)
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One recent measurement: D(p,y)3He

It was the most uncertain nuclear
physics input to BBN calculations
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nature

Explore content v About the journal ¥ Publish with us v

nature ? articles ? article

Article ‘ Published: 11 November 2020

The baryon density of the Universe from animproved
rate of deuterium burning

V. Mossa, K. Stéckel, F. Cavanna, F. Ferraro, M. Aliotta, F. Barile, D. Bemmerer, A. Best, A. Boeltzig, C.
Broggini, C. G. Bruno, A. Caciolli, T. Chillery, G. F. Ciani, P. Corvisiero, L. Csedreki, T. Davinson, R. Depalo, A.
Di Leva, Z. Elekes, E. M. Fiore, A. Formicola, Zs. Fllop, G. Gervino, A. Guglielmetti, C. Gustavino , G.
Gytirky, G. Imbriani, M. Junker, A. Kievsky, I. Kochanek, M. Lugaro, L. E. Marcucci, G. Mangano, P. Marigo, E.

Masha, R. Menegazzo, F. R. Pantaleo, V. Paticchio, R. Perrino, D. Piatti, O. Pisanti, P. Prati, L. Schiavulli, O.
Straniero, T. Sziics, M. P. Takacs, D. Trezzi, M. Viviani & S. Zavatarelli = -Show fewer authors

Nature 587, 210-213 (2020) ‘ Cite this article
4403 Accesses ‘ 168 Altmetric ‘ Metrics

Our measurement improved the reliability
in the use of primordial abundances as

probes of the physics of the early Universe
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The new lon Beam Facility of LNGS

Inline Cockcroft Walton accelerator

TERMINAL VOLTAGE: 0.2 — 3.5 MV P rU 1000 epA

Beam energy reproducibility: 0.01% TV or 50V He* beam: 300 - 500 epA

Beam energy stability: 0.001% TV / h = C beam: 100 - 150 epA

Beam current stability: <5% / h C* beam: 100 epA
|NFN federico.ferraro@infn.it Particles In Collisions 2023 33 (LUNﬂ



LUNA @ the new IBF of LNGS

Measurements proposed to the PAC:

* 1“N(p,y)*°O - already started (acc. commissioning & calibration)

| SHADES
* 22Ne(o,n)?>>Mg - expected to start soon -

» 12C(12C,p)*2Na, 12C(**C,a)°Ne - proposed for 2024
(yet to be approved)
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Relative elemental abundance
—
o
H
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He

Spallation Stars
AL AN

7 R '8 ) =~

Exothermic reactions Endothermic reactions
A > AN

Big Bang H+He burning C+Si burning 5.8~ P V=
processes

{ } T : : R T S

1 2 5 10 20 50 100

Atomic number Z

Particles In Collisions 2023



Any questions?
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Backup
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Discrepancies in indirect measurements

Energy range of interest

1021 E ' | ' | ' | ! | ' | -
20 Spillane et al. (2007)
10 E Jiang et al. (2018)
- Tumino et al. (2018)
19 - Mukhamedzhanov et al. (2019)
Fruet et al. (2020)

[
-
T I[I]I]l

Tan et al. (2020)
Renormalized to Tan et al. (2020)
Bonasera and Natowitz (2020)

[
=)
T 1IIIH1

» |
:p IIIII | IIIII|,|j 1 IIIIIIII %Illlli 1 IIIIIIII | IIIIIII| 1 IIIIIII| LI

107
1016;
LoSE
1014;7 T B O 1 O Y B R
1.0 1.5 2.0 2.5 3.0 3.5 4.0 5

Center of Mass Energy (MeV)
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Vp-process Ll
“neutrino-proton process” S-process ' . I methies 184
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fliis 50 (edge nuclear stability)
= 5 = Fusion up to iron
o Big Bang Nucleosynthesis
2 8 »  Number of neutrons
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Laboratory for Underground
Nuclear Astrophysics

It has been the only underground accelerator for nuclear astrophysics for 25 years

Its results include solar physics (solar neutrinos)
cosmological model

big bang nucleosynthesis (BBN)
stellar nucleosynthesis
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http://server11.infn.it/video/multimedia/esperimento-luna-lngs-2016/Main_Page.html

LUNA 50 kv i e TS g Sl LUNA MV (LNGS-IBF)
(1991-2001) - T (2023-777?)
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Other measurements @ LUNA 400 kV

* 1°0O(p,g)'’F - CNO cycle - just completed

* 2INe(p,g)??Na > NeNa cycle = just completed

* 23Na(p,a)?°Ne - NeNa cycle = present |

* 27Al(p,a)**Mg > MgAl cycle - future

—
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One historical measurement: *He(*He,2p)*He

First direct measurement in the
Gamow window

At 16.5 keV the cross section is 0.02
pb, corresponding to a reaction rate
of approximately 2 events/month.

The absence of a resonance in the
Gamow window allowed to discard
a nuclear solution to the Solar
Neutrino Problem

federico.ferraro@infn.it

S-factor [MeV barn]

C. Broggini et al. / Progress in Particle and Nuclear Physics 98 (2018) 55—
I I

84

20 . .
Bonetti et al. o
Krauss A
Kudomi *
Dwarakanath =
bare nuclei - - - -
15 LUNA shielded nuclei .
T (1996-1999)
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5
0 | 1 1
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2C+p >N +y

!
BN -5 BC +et+
1
BC+po>"N+y
1
UWN+p—>150+y 70 +p— "N +%He
1 }
150 — N + e* + F 5170 + e* +
1 }
“N+p—->4He+2C| | O +p—"F+y
1

3

99.96% 0.04%
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“N+p -0 +y

“'N(p,y)*0: the bottleneck of the CNO cycle

Density=100,000 kg/m® Z=Z.,,

10

10

More important
for low-mass stars

Energy Generation Rate (joule/kg/sec)

CNO cycles

PP chains

More important
for high-mass stars

106
5108
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(s-process = slow neutron-capture process)

\
2?Ne(o,n)?>Mg: neutron source for the s-process

~ half the elements between Fe and Y
(56<A<90) are produced via the weak
s-process in massive stars (M > 8M,)

22Ne(a,n)*>Mg is a neutron source for

the weak s-process
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